The photophysical properties of four, two-coordinate, linear diamidocarbene copper(I) Phosphorescence of 1 in CH2Cl2 solution shows negligible quenching by oxygen in CH2Cl2
Introduction
Phosphorescent Cu(I) complexes have received a great deal of attention for their use in applications including organic light emitting diodes (OLEDs), [1] [2] [3] [4] solar-energy conversion, 5, 6 sensors, [7] [8] [9] and biological systems. 10, 11 In the case of OLEDs, Cu(I) complexes have been considered as potential alternatives to the successful phosphorescent emitters using noblemetals [12] [13] [14] due to the low cost of copper relative to such elements as iridium and platinum. 1, 15, 16 The most extensively studied mononuclear luminescent Cu(I) complexes are four-coordinate tetrahedral homo-and heteroleptic complexes bearing diimine and organophosphine ligands. [17] [18] [19] [20] [21] [22] Recently, a variety of three-coordinate luminescent Cu(I) complexes bearing N-heterocyclic carbene (NHC) ligands have also been reported. [23] [24] [25] [26] [27] Interestingly, while the catalytic properties of two-coordinate (NHC)Cu(I) complexes have been investigated extensively, [28] [29] [30] [31] [32] [33] [34] [35] reports of their luminescent properties have only appeared recently. 36, 37 This oversight may be due to a previous belief that three and four-coordinate geometries at the copper center are required for efficient luminescence. 21, 23, [38] [39] [40] [41] [42] [43] In this work, we have investigated four linear diamidocarbene Cu(I) complexes (Figure 1 ), the previously reported [(DAC)2Cu][BF4] (1) 30 and (DAC)Cu(2,4,6-Me3C6H2) (4), 44 and two new compounds, (DAC)CuOSiPh3 (2) and (DAC)CuC6F5 (3) (DAC = 1,3-bis(2,4,6-trimethylphenyl)-5,5-dimethyl-4,6-diketopyrimidinyl-2-ylidene). Diamidocarbenes display a combination of reduced σ-donor and greater π-acceptor properties relative to their diamino counterparts. [45] [46] [47] [48] We show that the bis(diamidocarbene) complex 1 exhibits high photoluminescence quantum efficiency in CH2Cl2 solution and its phosphorescence is only weakly quenched under aerobic conditions, which differs from most other luminescent Cu(I) complexes. [7] [8] [9] ( Figure 1 ).
Results and Discussion

Synthesis and X-ray structures
Complexes 1 and 4 were synthesized according to literature procedures. 30, 44 Complexes 2 and 3 were formed by protonolysis of either (DAC)CuO t Bu or 4 with Ph3SiOH or C6F5H and isolated in 86% and 53% yield, respectively. Whereas the formation of 2 took place rapidly (<1 h) at room temperature, protonolysis with pentafluorobenzene required heating to 333 K for ca.
12 h, reflecting the higher acidity of the silanol (Ph3SiOH, pKa = 10.8; 49 C6F5H, pKa = 24.2).
50
Complex 1 is indefinitely stable to air, whereas 2-4 are each air-and moisture-sensitive in solution and the solid state.
Single crystals of the compounds suitable for X-ray diffraction studies were grown from CH2Cl2/hexane (1), toluene/hexane (2) or by slow evaporation of arene/hexane solutions (3 and 4) to afford the molecular structures shown in Figure 2 . (IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene). 52 In contrast to the approximately perpendicular ligand planes in 1 and 2, the copper bound aryl groups in complexes 3 and 4 are nearly coplanar with the diamidocarbenes , having respective dihedral angles of 12° and 7°.
The Cu-C6F5 distance (1.922(3) Å) in complex 3 is significantly longer than that in (py)CuC6F5 (Cu-C6F5 = 1.891(2) Å), 54 but shorter than in three-coordinate (IPr)Cu(tfppy) (Cu-C6F5 = 1.969(5) Å, tfppy = 2-(2,3,4,5-tetrafluorophenyl)pyridine). 38 The 
Photophysical properties
Absorption spectra for complexes 1-4 in CH2Cl2 are shown in Figure 3 , data is given in Table 1 . Strong bands in the UV region ( < 300 nm) are assigned to -* transitions on the Emission spectra for complexes 1-3 in the solid state and in solution are shown in Figure   4 , and the photophysical data are summarized in Table 2 properties of these complexes. To obtain a better understanding of the outstanding photophysical behavior of complex 1 in fluid solution, a space filling model of the geometry optimized structures for 1 is shown in A commonly cited application for phosphorescent copper complexes is as oxygen sensors, due to the high propensity for oxygen to quench their emission. 7-9 Thus, a decrease in the luminescent efficiency or lifetime of the complex in a given environment relative to the same complex under anaerobic conditions can be used to quantify the amount of oxygen present. Surprisingly, phosphorescence for 1 is only slightly decreased (PL = 0.50) when a CH2Cl2 solution is sparged with O2. Similarly, the luminescent lifetime under nitrogen ( = 18 s) is only slightly diminished in oxygenated CH2Cl2 ( = 14 s). This relative insensitivity of the emission intensity and lifetime to oxygen is highly unusual for phosphorescent compounds. There are two possible quenching mechanisms of the triplet excited state by oxygen, involving either electron transfer or energy transfer. 65 For luminescent quenching by electron transfer (eq 1a) to be thermodynamically feasible, the excited state of 1 has to have a sufficient potential for oxidative quenching to be exergonic (eq 1b):
Work terms needed to account for coulombic attraction/repulsion between the products and reactants in eq 1b should also be considered, but these values are typically small in solvents with high dielectric constants and for purposes of discussion here will be neglected. 
Using the reported value of E(O2 0/-1 ) in MeCN (-1.29 V vs Fc + /Fc) 66 in eq 2b gives an exergonic free energy (G = -0.21 V). However, a substantial increase in this free energy will be present when quenching 1* since a significant coulombic attraction needs to be accounted for in the removal of an electron from 1 + (eq 1b) as opposed to 1 0 (eq 2b). This change in coulombic interaction can be estimated from the difference between the standard redox couples Cu(II)/Cu(I) and Cu(I)/Cu(0) (E = +0.36 V). 67 Upon adding this value to eq 2b, electron transfer becomes endergonic and thus, quenching of 1* by O2 (eq 1a) will be a thermodynamically unfavorable process. This leaves Dexter energy transfer from the triplet state to oxygen (forming singlet oxygen) as a potential quenching pathway. Efficient Dexter energy transfer requires good overlap between the frontier molecular orbitals of both species, 65 which is expected to be severely constrained due to the steric demands of the DAC. Therefore, we can conclude that the relative insensitivity of phosphorescent quenching of 1 by O2 is due to the combined effects of the high oxidation potential of the complex along with steric protection of the metal center by the DAC ligands.
DFT and TD-DFT Calculations
Density functional theory (DFT) calculations were carried out for all of the diamidocarbene complexes using geometric parameters obtained from X-ray analyses as starting structures for 1-4. The frontier molecular orbital (MO) surfaces calculated for 1-4 are shown in Figure 6 . The lowest singlet and triplet vertical energies determined by timedependent DFT (TD-DFT) calculations are given in Table 3 
Conclusion
The photophysical properties of a series of four linear, two-coordinate diamidocarbene copper(I) complexes along with a bis-diaminocarbene salt have been investigated. Complex 1 are stable to air and moisture, whereas 2-4 are air-and moisture sensitive. The bis(diamidocarbene) complex 1 displays narrow emission band relative to the other three diamidocarbene species and has a high photoluminescence quantum yield in both the solid state and CH2Cl2 solution (PL = 0.85 and 0.65, respectively). The phosphorescence of 1 is only weakly quenched by O2, which is remarkable for a Cu phosphor with an 18 sec lifetime.
Complex 1 contains a sterically demanding ligand, suggests that the steric bulk of the ligands around Cu is an important factor in designing systems with increased photoluminescence efficiency and suppressed quenching by oxygen. These results echo observations on mononuclear four-coordinate copper complexes, 16, 21 where increasing the steric bulk of the ligands bound to copper limits the structural changes that occur in the excited state, thereby increasing the luminescence efficiency.
Experimental
Synthesis. All manipulations were carried out using standard Schlenk, high vacuum and glovebox techniques using dried and degassed solvents. Hexane and toluene (purified using an MBraun SPS solvent system) and benzene (refluxed over sodium dispersion) were all dried further over 3 Å molecular sieves and stored over potassium mirrors. THF was refluxed over sodium wire and stored over 3 Å molecular sieves. C6D6 was dried over potassium and vacuum Density Functional Calculations. All calculations were performed using Jaguar 9.1 (release 13) software package on the Schrodinger Material Science Suite (v2016-1). Gas phase geometry optimization was calculated using B3LYP functional with the LACVP** basis set as implemented in Jaguar. Geometric parameters obtained from XRD analyses were used as a starting point for geometry optimization in the ground state and triplet state.
Photophysical Characterization. The UV-visible spectra were recorded on a Hewlett-Packard 4853 diode array spectrometer. Photoluminescent emission measurements were performed using a Photon Technology International QuantaMaster Model C-60
fluorimeter. Phosphorescent lifetimes were measured by time-correlated single-photon counting using an IBH Fluorocube instrument equipped with an LED excitation source.
Quantum yield measurements were carried out using a Hamamatsu C9920 system equipped with a xenon lamp, calibrated integrating sphere and model C10027 photonic multi-channel analyzer (PMA). All solid and solution samples were prepared in the glovebox prior to performing emission, lifetime, and quantum yield measurements.
